should encompass four key elements: 1) curricula that integrate experiences in the computational sciences and application domains, rather than just concatenating them; 2) diversity among trainees, with individualized, interdisciplinary cross-training allowing each trainee to develop key competencies that he/she does not initially possess, 3) direct immersion in research and development activities, and 4) exposure across the wide range of basic informational and computational sciences. Informatics training programs that implement these features, irrespective of their funding sources, will meet and exceed the challenges raised by the BISTI report, and optimally prepare their trainees for careers in a field that continues to evolve.
The BISTI report and related rising expectations for application of information technology to basic biological research have generated fundamental questions for the informatics community.
Will bioinformatics become an area of science largely separate from traditional clinical informatics, independently growing (and perhaps reinventing) its own body of knowledge? Or, will the two fields gradually converge through actions that consolidate common interests and scientific challenges --jointly approaching a research agenda that connects the genotype and phenotype. A critical challenge related to these questions is how to educate and train future professionals for careers in these evolving fields. Decisions made now about the support and structure of informatics training programs and their curricula will shape the next generation of scientists, and determine the future of the field(s). Should the NIH, other government agencies, and private foundations develop plans to support bioinformatics training outside the current framework of informatics training (ongoing since the early 1980s)? Alternatively, should funding agencies seek to promote more integrated approaches to education, with each program seen as a variation on a common theme? These questions cannot be answered until common themes, if any, have been articulated.
The American College of Medical Informatics (ACMI), stimulated by the above questions, obtained support from the National Library of Medicine to study and report on future biomedical informatics training. While ACMI previously considered issues related to the future of biomedical informatics as a field [2] , the current study focused more on the challenges of training for future careers in bioinformatics. ACMI created a task force, comprised of the coauthors of this report, to coordinate and carry out the study. The task force committee included eight ACMI Fellows, one postdoctoral fellow in a biomedical informatics training program, and two staff members. The defining activity of the study was the 2002 ACMI Symposium, held The central study result characterizes effective training in biomedical informatics along several dimensions. Programs with the defined features will prepare their trainees well, irrespective of the source of funding that supports a program or its trainees. The current ACMI report hopes to influence current and future directors of biomedical informatics training, and agencies that support such training, to create, endorse, implement, and evolve toward programs with the defined characteristics.
Study Methods and Activities
The 2002 ACMI Symposium addressed the following specific questions derived from the overall goal of the study:
1. What skill sets are needed in the next generation of biomedical informaticians, using "biomedical" in the broad sense of the word? 2. Training programs can be organized in many ways. Given the skill sets identified from
Question 1, what are the strengths and drawbacks of various approaches to training that address these skill sets?
3. What kinds of training can and should take place in the NIH "BISTI" centers that cannot take place in the current NLM-funded programs?
Several plenary presentations and panels were organized to frame the issues and provide a forum for discussion of the future of informatics training. On the initial day of the symposium a The Task Force Committee considered the observations and recommendations from the ACMI Symposium and the interviews during several discussions, leading to generation of Task Force findings and recommendations regarding the future of training in biomedical informatics.
The Landscape of Informatics
The Task Force adopted a practical view of informatics that shaped its recommended approach to training. To practice informatics, most generally, requires the presence of two components: 1) a set of skills and methodological tools derived from knowledge of the basic informational and computing sciences, and 2) knowledge, experience, and activity in one or more application domains. The co-existence of, and interactions between, these key components give meaning and significance to informatics as a field. The basic sciences relevant to informatics include, but are not restricted to: computer science, information and telecommunication science, cognitive science, statistics, decision science, and management/organizational science. Application domains for informatics can literally be any area of human endeavor supportable by information technology, but for biomedical informatics are typically constrained to biomedicine. In this sense, biomedical informatics is the union of the basic informational and computing sciences listed above, with biomedicine as an application domain. Biomedicine is a broad application domain spanning all health professional practice (including public health and bioimaging); basic biological research; clinical research; education of future and current health professionals; and the administration of practice, research and education. It follows from these definitions that biomedical informatics is the umbrella discipline that embraces a range of sub-disciplines defined by specific application areas. Within the framework of this paper, then, the term bioinformatics refers to the union of the basic informational and computing sciences with biological research as a specific application domain. The authors acknowledge that different constituencies use the term bioinformatics in ways different from the one proposed. 
_______________________________
It also follows from this definition that the informational/computing sciences and the application domain have co-equal and essential status in informatics. Indeed, it is the assembly of individuals, each having expertise both in these basic sciences and in one or more relevant application domains, that gives centers and departments of informatics their fundamental and unique character. Informatics centers are multidisciplinary along two axes: 1) the multiplicity of basic fields (each an academic discipline) that serve as components of its scientific foundation, and 2) the multiplicity of domains to which information processing resources and other "tools" developed in informatics centers can be applied.
According to this view, informatics should not be seen as a specialization of the application domains of clinical medicine, molecular biology, or educational psychology. Clinicians, biologists, and educators who "use computers as a component of their professional work" are not practicing informatics unless they have mastered one or more of the foundational information/computing sciences and are directly applying their knowledge of these sciences to their domain of choice.
The authors of this report strongly endorse the use of biomedical informatics as an umbrella term that names the core discipline while also denoting the union of the information and computer sciences with domains including clinical practice, biomedical research, imaging, public health, and health professions education. We believe that use of biomedical informatics as the overarching term, and bioinformatics in a more focused sense, will lead over time to the clearest portrayal of the field and, as such, will promote effective communication among the varied Training the Next Generation of Informaticians: Page 8 constituencies that work in the field. Our specific recommendations for training in biomedical informatics, that follow, will build on this view of the field.
Elements of Effective Training
The study asserts, as a central finding, that the core purpose of biomedical informatics training programs should be to prepare individuals capable of making major contributions to the creation and evaluation of computational tools with application to biomedical or clinical research, health care practice, and education. The most sophisticated and important tools will be those that integrate across diverse domains of application and build the future capacity to handle the increasing explosion of biological/clinical data. It should be emphasized that the creation of effective tools that implement innovative methods is itself a scientific activity. This is because of the perpetual need for new and better conceptual and mathematical models to empower these tools; the countless open questions regarding the optimal design and methods to develop and deploy these tools; and the ongoing imperative to understand through empirical studies the effectiveness of tools that have been deployed and how to improve them. Major contributions can be made to any of these three activities: modeling, development and deployment, and empirical studies. Few trainees in biomedical informatics will emerge with the full repertoire of skills necessary to make contributions to all three activities. Nonetheless, the capacity to train individuals who can make creative contributions to tool-building is a defining aspect of a biomedical informatics training program.
The Task Force proposes four essential elements for training in biomedical informatics, reflecting the views offered above. Excellent training in computer science (absent specific attachment to a domain) or in application domains such as molecular biology (absent attachment to the foundational information/computing sciences) can occur without these elements. However, our model of excellent training in biomedical informatics requires them.
Integrated Curriculum: The strongest training programs are those that integrate the basic informational/computing sciences with appropriate application domains. Integration is simultaneously the biggest challenge to create effective training environments in biomedical Training the Next Generation of Informaticians: Page 9 informatics, and the greatest potential source of benefit. Integrated curricula offer courses and other educational experiences that explicitly relate the basic informational/computing sciences to problems in the relevant domain(s). In this light, an index of the quality of a training curriculum is the fraction of the total training experience that explicitly combines basic science (computational) and domain (biological or clinical) issues.
Informational/computing science courses that are domain-independent (such as introductory graduate level courses offered in a computer science department) and domain-oriented courses that do not invoke issues of information or computing (such as introductory graduate level courses in molecular biology) may be important components of a training curriculum, but they do not contribute directly to integration. A highly integrated curriculum will also bring educational benefits that transcend the specific course content that is mastered by the students. For example, integrated curricula provide experiences that help trainees learn to collaborate in a multidisciplinary setting, to integrate data of varied types and from varied sources, and to weave together varying modes of idea expression and varying modes of thinking. the architecture of the program itself, the interaction between the computational sciences and application domains that is the essence of informatics.
Cross-training:
We also take the position that training programs emphasizing multiple application domains (such as clinical medicine and basic biomedical science) offer superior environments to those that emphasize one application domain exclusively. Co-located applied research across the spectrum illustrated in Figure 1 allows important cross-fertilization between trainees and faculty whose work emphasizes different domains, inevitably co-mingling the professional cultures that have grown up around these domains. For example, interactions between trainees and faculty who are oriented to clinical applications and those who are oriented to biological applications will engender creative experiences around important cross-domain issues such as genotypic-phenotypic studies (e.g. pharmacogenomics) while also promoting mutual respect and understanding among individuals who work in these varied domains.
Immersion in the Research and Development Work of Informatics: Effective training
programs are situated in environments with ongoing faculty-directed research and development activities, in which trainees are directly involved. Project work is a required, not optional, part of the training experience. Curricula that consist entirely of courses are not sufficient for optimal training. While trainees may undertake independent projects in their own areas of specific interest during the later stages of training, project work at the early stages of training best occurs in faculty laboratories as part of the ongoing work of those labs.
Training programs with more of an applied than a basic research focus would situate these trainee projects in information system deployment settings, but these projects would still be undertaken with some significant level of faculty supervision and would avoid placing trainees on the critical path for development of specific information services within an institution. Effective training programs combine didactic experiences such as coursework with direct immersion in research and development. There is no a priori ideal balance of didactics and project work, but extreme skewness in either direction is not desirable.
Incorporation of Core Skills from the Fields Related to the Information and Computational
Sciences: Competence and capacity for the development, implementation, and evaluation of Committee emphasizes that the qualities of strong biomedical informatics training programs are independent of the sources that fund these programs. Indeed, many training programs fund Training the Next Generation of Informaticians: Page 12 students' support using multiple resources, including research awards, training grants, students' personal resources (self-pay tuition), and employees' fringe benefits that support tuition for parttime training experiences. Emphasis in evaluating training programs should fall on the quality of the experiences the programs provide, not the source of funding. The ACMI Task Force believes that the features of good informatics training provided in this report will assist in the assessment of training program quality and may also provide a guide for improvement. We believe that these features apply in equal measure to all formal training in biomedical informatics, including programs funded under NLM's existing T15 program, those supported under the BISTI initiative (whether directly funded by NLM or another NIH agency), and those supported by other sources.
The Task Force Committee's vision for education in biomedical informatics is consistent with the vision of "cross-discipline" education expressed in the BISTI report, but we take a stronger position. The BISTI report advocated for curricula that combine formal training in computer science with formal training in biology. A curriculum that consists of courses in computer science (absent specific discussion of biology as an application domain) and courses in biology (absent specific discussion of computational aspects) would meet the BISTI criterion for effective training. This curriculum would not, however, meet our criterion, as it would lack the key element of integration described above. The training model advanced in the BISTI report is one of "combined training in biology and computer science". It lacks the elements that explicitly connect the two fields. As such, it is not training in informatics.
The 1999 BISTI report asserted that there were few programs providing such combined training.
In making this assertion, we believe that the BISTI panel failed to recognize that many of the existing NLM-supported T15 programs were indeed doing this. Perhaps because these T15 programs were not exclusively devoted to biological science as an application domain, they were unknown to, or discounted by, the BISTI panel. Perhaps the integrated nature of the training in many of these programs concealed them. Regardless of why they went unnoticed, many T15s are doing what the BISTI report proposed, and more. Also as stated earlier, we believe that the capability of supporting training in several application domains (for example bioinformatics and clinical informatics), by intermingling faculty and trainees with these diverse interests around a common theme, is a factor that strengthens rather than weakens these programs.
Training the Next Generation of Informaticians: Page 13 In this report, the ACMI Task Force takes no formal position on optimal length of training or the relative value of different kinds of academic degrees that training programs might award.
Training programs come in many shapes and sizes; trainees have a wide range of needs. The full range of options currently available-from non-degree certificate programs to PhD-granting programs-is almost certainly necessary to meet these diverse needs. At the same time, we would emphasize that serious training in biomedical informatics, irrespective of application domain, typically requires focused and extended study. It is not possible to become an informatician, in any sense of the word, through attendance of a lecture series or participation in a series of workshops.
Many of the T15 training programs currently supported by the National Library of Medicine have a long history of successful training. They have invented means to implement the desiderata for excellent training in biomedical informatics, as described above -and they continue to evolve and refine these means. Many of the NIH/NLM-supported T15 programs are, for these and other reasons, very strong and should continue. At the same time, the Task Force can express concern about the T15 programs that mirrors the concern expressed about the training model advocated in the BISTI report. The T15 programs can weaken themselves by becoming or remaining dominantly focused on clinical informatics in the face of an emergent and diversifying set of application areas. Programs can also weaken themselves by producing graduates whose training experiences are narrowly defined by or "overfitted" to specific scientific problems and who, upon completion of training, cannot generalize from their experience to address new problems with novel and unanticipated features.
In conclusion, the ACMI Task Force Committee encourages the directors of the T15 programs, and the directors of all biomedical informatics training activities, to diversify their curricula so as to address the BISTI training challenges. We also encourage individuals who are creating new training programs in biomedical informatics and related fields, whether under the BISTI initiative or in response to other opportunities, to consider these principles when designing their curricula and training environments. Those seeking to respond to the BISTI training challenge may wish to explore existing training programs in their own institutions, to determine whether Training the Next Generation of Informaticians: Page 14 creating a new emphasis within an existing program might be a more efficacious pathway than establishing an entirely new program. All other things remaining equal, it is usually easier to diversify an existing curriculum to include new application domains, than it is to create an entirely new one.
